Cortical networks are composed of excitatory projection neurons and inhibitory interneurons. Although fewer in number relative to projection neurons, interneurons have essential roles in brain activity and behavior since they adjust cortical excitation and control network dynamics. Therefore, the number of cortical interneurons (CIs) must be tightly controlled during development to meet the functional requirements of emerging neuronal circuits. CIs are generated in excess from basal forebrain progenitors and it has been proposed recently that their final number is adjusted via intrinsically determined apoptosis occurring during an early postnatal window. Here we provide evidence that the extent of CI apoptosis during this critical period is plastic, cell type specific and can be reduced in a cell autonomous manner by acute increases in neuronal activity. We further show that hyperactive networks promote the survival of transplanted CIs. We propose that the level of activity in emerging neural networks controls in a homeostatic manner the number of CIs.
Introduction
The balance between excitation and inhibition (E-I balance) is essential for the generation of optimal neural circuit activity patterns and brain function. Cortical interneurons (CIs) represent the main source of inhibition for excitatory projection neurons (PNs) in the pallium and changes in the number or activity of CIs have been associated with neurodevelopmental and neuropsychiatric disorders, such as epilepsy, Rett syndrome, schizophrenia and autism spectrum (ASD) disorders (Marin, 2012; Rubenstein and Merzenich, 2003) . In contrast to cortical PNs, which are generated in the germinal zones of the dorsal telencephalon, CIs originate from progenitors in the medial and caudal ganglionic eminences (MGE and CGE, respectively) , and the preoptic area (POA) of the subpallium and following stereotypic migration routes integrate into cortical circuits (Wonders and Anderson, 2006; Welagen and Anderson 2011) . The disparate sites of origin of cortical PNs and CIs raise questions regarding the mechanisms that control the relative size of the two neuronal populations and the E-I balance of mature cortical circuits. A recent report has demonstrated that CIs are generated in excess from basal forebrain progenitors and that apoptosis occurring over a critical postnatal (P) stage adjusts the final number of inhibitory neurons (Southwell et al., 2012) . Nevertheless, it remains unclear whether the programme of apoptosis, unfolding during a developmental period characterised by marked neural plasticity, is controlled by mechanisms intrinsic to the population of CIs, or can be modulated by changes in the activity of the emerging cortical circuits and the physiological status of the postnatal brain.
A potential experimental strategy to address these questions in mammals entails assessment of CI populations in mouse mutant strains characterised by reproducible changes in the cellular microenvironment and activity of the cortex.
Systematic gene expression analysis, genetic cell lineage tracing and phenotypic
characterisation of mutant mice have demonstrated that CI subtypes are determined by distinct and region-specific transcriptional programmes operating within progenitor domains of the subpallium (Fishell and Rudy, 2011) . Lhx6 encodes a LIM homeodomain transcription factor, which is specifically expressed by MGE derived CI precursors and their derivative interneurons identified by the expression of somatostatin and parvalbumin (Sst + and Pv + ). Consistent with its expression, Lhx6 mutations are characterised by mild and transient delay in early tangential migration of CI precursors and severe reduction in the number of Sst + and Pv + CIs (Liodis et al. 2007; Zhao et al., 2008) . These cellular phenotypes are associated with reduced inhibitory synaptic input on PNs, brain hyperactivity and epilepsy-like phenotypes in postnatal animals (Neves at al., 2013) . By combining phenotypic analysis and genetic lineage tracing of MGE-and CGE-derived CIs in mutant mice with lineage tracing and chemogenetic activation of transplanted CI precursors, we provide evidence that the programmes of apoptosis of inhibitory cortical neurons during a critical postnatal period are not intrinsically hard-wired but can be modulated by network activity and the excitability of individual neurons.
Results

Loss of MGE CIs results in a compensatory increase in the number of CGE CIs.
To determine whether changes in the cellular microenvironment or physiological state of the postnatal forebrain modulate the extent of CI apoptosis in postnatal brain, we first employed genetic lineage tracing to assess the effects of Lhx6 ablation on distinct subpopulations of CIs. Combination of a previously reported null allele of Lhx6 Figure S1 ) with the MGE-specific Nkx2.1Cre driver (Kessaris et al., 2006) and the Cre-dependent tdTomato reporter (tdT; Ai14) (Madisen et al., 2010) allowed us to ablate Lhx6 specifically from MGE CIs and simultaneously fate-map the mutant cell lineages. The number of MGE-derived (tdT + ) CIs in the cortex of P18 Nkx2.1Cre;Ai14;Lhx6 fl/mice was dramatically reduced in comparison to control littermates (Nkx2.1Cre;Ai14;Lhx6 fl/+ ; Figure 1A , 1B, 1G and S2A). These findings suggest that Lhx6 activity is required for the survival and thus the development of a normal complement of MGE CIs. Using biosynthetic enzymes of the common inhibitory neurotransmitter γ-amino butyric acid (GABA), we and others have reported that the total number of CIs remained unchanged in two independently generated Lhx6 null mutants (Liodis et al., 2007; Zhao et al., 2008) . In further support of these findings, we demonstrate here that the number of cells identified by the panCI VgatCre;Ai14 transgenic driver and reporter combination (Vong et al., 2011) was similar in Lhx6 fl/and Lhx6 fl/+ P18 cortices ( Figure 1C , 1D, 1H). To resolve the apparent contradiction between these sets of data, we next fate-mapped CGE-derived CIs in Lhx6 null mutants using a CGE-specific Htr3αCre transgene in combination with the tdT reporter. Surprisingly, we observed a significantly higher number of CGE-derived tdT + cells in the cortex of Lhx6 null mice (Htr3aCre;Ai14;Lhx6 -/-) relative to controls (Htr3aCre;Ai14;Lhx6 +/-) ( Figure 1E , 1F, 1I and Figure S2D ). As described previously (Vogt et al., 2014) , 5.9 ± 0.4 % of MGE CIs in Lhx6-deficient brains expressed markers typical of CGE CI fate (Figure S1I, S1J), but this presumed change in cell fate could not explain the large increase in CGE CIs observed in mutant animals. Together these data suggest that the size of the CGE-derived interneuron population in the postnatal mammalian cortex is dynamic and increases in an apparent compensatory response to deficits in the counterpart population of MGE CIs. CGE CIs include two major non-overlapping sub-populations which are marked by Vasoactive Intestinal Peptide [VIP; involved in disinhibitory circuit motifs (Kepecs and Fishell, 2014) ] and Reelin [neurogliaform cells associated with volume transmission (Fishell and Rudy, 2011; Lee et al., 2010) ]. Immunostaining of brain sections from Htr3aCre;Ai14;Lhx6 -/mice using these subtype-specific markers showed that the compensatory response of CGE CIs was due specifically to an increase in the number of Reelin + CIs ( Figure 1J , 1K and Figure S2E , S2F).
Interestingly, the number of non MGE-or CGE-derived Pv + CIs, which are likely to originate from the preoptic area (POA) (Gelman et al., 2011) (Figure S3 ), also increased in Lhx6 mutant cortices, whereas Sst + CIs generated outside the MGE remained unchanged ( Figure 1L , 1M and Figure S2B , S2C). These findings argue that the compensatory survival of CIs is not restricted to CGE-derived lineages and is subtype specific.
Reciprocal changes in apoptosis of CGE and MGE CIs in Lhx6 mutants
Changes in CI number could arise from altered cell proliferation and migration during embryogenesis, or changes in neuronal cell death during the critical postnatal window of apoptosis (Southwell et al., 2012; Yamaguchi and Miura, 2015) . We detected no changes in MGE or CGE progenitor proliferation or in the tangential migration of CGE CI precursors in the forebrain of E14-16 Lhx6 -/embryos ( Figure S4 ). Consistent with this, the number of MGE-and CGE-derived CIs at P2 (a stage that follows the completion of tangential migration of CIs to the pallium but precedes the onset of apoptosis (Miyoshi and Fishell, 2011; Southwell et al., 2012) 
Hyperactivity of Lhx6 mutants promotes grafted CI precursor survival.
We have previously demonstrated a decreased inhibitory input in Lhx6 null mutant (Neves et al, 2013) . To characterise the molecular changes associated with forebrain hyperexcitability in Lhx6 mutants we carried out transcriptome analysis of Lhx6deficient brains at P15 using mRNA sequencing. These experiments showed upregulation of genes (Bdnf, Npas4, Fosb, Npy) and pathways (MAPK signalling, calcium signalling) typically associated with increased network activity ( Figure S5 ).
The list of up-regulated genes in the absence of Lhx6 function was highly enriched in genes that are up-regulated in pyramidal neurons following chronic inhibition of ionotropic GABA receptors, as shown by hypergeometric test analysis (FDR<10 -59 ; Yu et al., 2015) . Interestingly, the up-regulation of the neuronal activity markers such as c-fos and Arc, was already evident at P10, a stage during which CIs are undergoing apoptosis in Lhx6 null mice ( Figure 3A-D) . Together, these observations suggest that deficits of MGE-derived CIs in Lhx6 mutants are associated with enhanced network activity and brain excitability.
To explore the possibility that global changes in cellular microenvironment and brain activity can modulate the survival of CIs, we used the fluorescent reporter GFP to track CI precursors isolated from the basal forebrain of E14.5 GAD67::EGFP embryos (Tamamaki et al., 2003) following transplantation into the pallium of neonatal Lhx6 mutant mice ( Figure 3E ). In this experimental paradigm the majority of grafted CI precursors are eliminated by BAX-dependent apoptosis within 2 weeks, a feature that recapitulates the programmed cell death of endogenous CIs (Southwell et al., 2012) . The number of transplanted GFP + CIs detected in the cortex of P16 Lhx6 -/animals two weeks after transplantation was significantly higher relative to that in Lhx6 +/controls ( Figure 3F-K) , suggesting that the documented increased network activity in the cortex of Lhx6-deficient mice enhances the survival and long-term integration of exogenous wild-type CIs into neuronal circuits of the host.
Cell autonomous increase in the activity of CIs enhances survival.
To directly test whether CI survival is regulated by neuronal activity in a cell autonomous manner, we transplanted CI precursors expressing Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) and modulated their activity by administering appropriate ligands (Urban and Roth, 2015) . Specifically, the MGE of E14.5 embryos was co-electroporated with a bi-cistronic expression vector encoding the hM3D(Gq) DREADD and Red Fluorescent Protein (RFP) and a control plasmid encoding GFP. Transfected CIs were mechanically dissociated and the resulting cell suspension grafted in the cortex of P0-P1 wild type mice. Since only a fraction of electroporated (GFP + ) neurons co-expressed hM3D(Gq) (RFP + ) ( Figure   4A -E), the GFP + RFPpopulation served as an internal control for the effect of DREADD ligands. Indeed, administration of the DREADD ligand clozapine-N-oxide (CNO) selectively increased the activity of transfected GFP + RFP + cells ( Figure S6 ). Importantly, CNO treatment (administered twice daily from P14-P17) resulted in an increase in the fraction of GFP + RFP + relative to GFP + RFPcells when compared to vehicle administered littermates ( Figure 4F-4J ), suggesting that enhanced activity is sufficient to protect CIs from programmed cell death in an otherwise normal brain.
Together, our data provide evidence that neuronal activity modulates the number of CIs in the cortex in a cell autonomous manner.
Discussion
Distinct physiological mechanisms, collectively referred to as homeostatic plasticity, operate in the nervous system to maintain or restore the balance between excitation and inhibition, even after considerable disruption of network dynamics (Turrigiano, 2012) . However, it is becoming increasingly clear that developmental programs may also contribute in controlling excitation/inhibition balance (Bartolini et al., 2013) . Here, we provide evidence that neuronal activity during a critical developmental period of postnatal life gates the number of CIs in a homeostatic manner by modulating their programmed cell death. Our experiments highlight a critical interplay between the physiological state of the network and the number of its cellular constituents and suggest a feedback mechanism that fine-tunes the size of the CI population to stabilise brain activity.
Early stages of neural development are often characterised by large-scale proliferative expansion of progenitors and the generation of surplus number of neurons, which are eliminated at later stages by apoptosis in order to meet the physiological requirements of the system. For example, the size of motor neuron and sympathetic neuron pools is largely determined during development by the availability of limiting amounts of retrograde pro-survival signals supplied by appropriate peripheral targets (Oppenheim, 1991; Davies, 2003) . The neurotrophic theory, despite being successful in the peripheral nervous system, cannot explain the regulation of apoptosis in most regions of the CNS where alternative pathways have been implicated (Dekkers et al., 2013) . Earlier in vivo and in vitro studies have demonstrated that survival of cortical PNs is enhanced by network activity and that NMDA receptor-mediated changes in synaptic activity modulate rates of apoptosis [Heck et al., 2008; Ikonomidou et al., 1999; Leveille et al., 2008; Verhage et al., 2000; reviewed in (Bell and Hardingham, 2011) ]. In addition, apoptosis of adultgenerated neurons, such as olfactory bulb interneurons and dentate gyrus granule cells, can be dramatically influenced by the activity of the mature networks they integrate into (Bovetti et al., 2009; Corotto et al., 1994; Mu et al., 2015; Petreanu and Alvarez-Buylla, 2002; Rochefort et al., 2002; Tashiro et al., 2006) , probably through a cell autonomous mechanism (Lin et al., 2010) . Contrasting these studies, Southwell and colleagues demonstrated recently that in rodents a large fraction of CIs (~40%) generated in the basal forebrain during development are eliminated during a critical early postnatal period by a program of apoptosis that is intrinsic to this cell lineage (Southwell et al., 2012) . Using genetic lineage tracing in Lhx6 mutants, we provide evidence that CI apoptosis in the postnatal brain is not predetermined but instead is modulated by the levels of network activity. This view is further supported by transplantation studies demonstrating that grafting of wild-type CI progenitors into the hyperactive cortex of Lhx6-deficient animals enhances their survival. Importantly, chemogenetic activation of CIs during a period of cortical circuit formation suggested that in the pallium inhibitory neurons monitor the activity in their microenvironment and adjust the level of apoptosis in a cell-autonomous manner. The intracellular cascades transducing network activity into CI survival remain unclear. However, the enhanced apoptosis of immature CIs observed in response to pharmacological inhibition of NMDA receptor (Roux et al., 2015) implicates excitatory glutamatergic neurotransmission in this regulatory pro-survival response. Our own transcriptomic analysis identifies a set of candidate genes whose potential role in activity regulated apoptosis warrants further investigation.
To what extent changes in cortical network activity are implicated in the apparent compensatory response of CIs in other genetic backgrounds, remains unclear. Deletion of the Lhx6-dependent effector gene Sox6 in postmitotic immature interneurons was associated with a dramatic decrease in the number of PV + and SST + interneurons, without an obvious change in the total number of CIs (Azim et al., 2009; Batista-Brito et al., 2009) . Although an increase of NPY + interneurons was reported in these studies, the mechanisms that maintain the total number of CIs in Sox6 mutants remain unclear. Also, conditional inactivation of the orphan nuclear receptor COUP-TFI in interneuron progenitors resulted in decreased number of CR + and VIP + CIs and a concomitant increase of PV-and NPY-expressing subtypes, without affecting the total number of GABAergic interneurons in the cortex (Lodato et al., 2011) . Although the authors proposed that this compensation is due to enhanced CI progenitor proliferation, it is possible that changes in apoptosis may also have contributed to this phenotype. We suggest that gene mutations that compromise the number or activity of specific CI subsets generally result in increased representation of counterpart subpopulations that are spared by the particular genetic modification and argue that this compensatory response is often mediated by sublineage-specific regulation of apoptosis.
Interestingly, it appears that only certain subtypes of CIs regulate their rate of apoptosis. For example, among the Lhx6-independent CGE-generated CIs only Reelin + neurons increase in number following Lhx6 deletion. The subtype-specific response of CIs to network activity is not restricted to apoptosis as recent studies have shown that silencing CGE-derived interneurons results in defects in radial migration, cell morphology and synaptic development of Reelin + but not VIP + CIs (De Marco Garcia et al., 2011; De Marco Garcia et al., 2015) . The heterogeneous response of CI subtypes to ongoing network activity during development could have important implication for the establishment of the repertoire and connectivity pattern of local circuits in the cortex. Specifically, regional differences in activity patterns in the developing brain (Allene et al., 2008; Allene et al., 2012; Khazipov et al., 2004 ) may be responsible for the variability in the number and repertoire of CIs found in the mature cortex. Exploring the relationship between brain activity and CI repertoire will provide important insight into how local circuits are assembled.
In the last decade, several groups have established preclinical models of CIbased cell therapies to treat epileptic seizures (Alvarez Dolado and Broccoli, 2011; Southwell et al., 2014; Tyson and Anderson, 2014) . Our present data argue that increased activity levels in the host brain, typically observed in epileptic encephalopathy mouse models (Batista-Brito et al., 2009; Hedrich et al., 2014) , provide a favourable microenvironment for the survival of grafted immature CIs. By characterizing the pro-survival patterns of neuronal activity and identifying the CI subtypes best suited for transplantation would improve the effectiveness of these nascent therapies. 
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